In water-scarce regions, high yield and improved water use efficiency (WUE) of crops can be obtained if water and nitrogen (N) are properly applied. While water and N have been the subject of research worldwide, studies are needed to advance our understanding on the complexity of their interaction. A field experiment was conducted at the University of Wyoming Powell Research and Extension Center in 2014 and 2015 growing seasons to determine the effect of irrigation water and N on growth, dry matter (DM) yield, and WUE of silage corn (Zea mays L.) grown under on-surface drip irrigation (ODI). The experiment was laid out as a randomized complete block design in split-plot arrangement with three replications. Irrigation was the main treatment and included 100ETc (100% crop evapotranspiration), 80ETc, and 60ETc. Nitrogen was the sub-treatment and included 0, 90, 180, 270, and 360 kg N ha −1 as urea-ammonium-nitrate solution Results showed that irrigation water, N, and application timing significantly affected growth and DM yield, especially at late vegetative and mid reproductive growth stages. At harvest (R4), no significant difference was observed between 180 kg N ha −1 and 270 kg N ha −1 on DM yield and WUE. However, significant differences of DM yield were observed between irrigation treatments, and 100ETc and 80ETc did not differ in WUE. Our findings suggest that 100ETc and 180 kg N ha −1 is the best combination for high yielding corn for silage grown in a semi-arid climate under ODI.
Introduction
Corn (Zea mays L.) harvested for silage is the most important feed crop worldwide. In semi-arid regions, scarcity of water supply reduces the potential of sustainable corn production [1, 2] . The water and nutrients combination, especially nitrogen (N), the nutrient which is required by corn plants in the greatest amount, is a perfect combination for drastic reduction of productivity in a scenario of limiting water. The application of nutrients, e.g., N, boosts silage corn yield and provides adequate crop quality [3] . In modern farming systems, sustainable intensification calls for improved resources use efficiency while maintaining or increasing productivity and enhancing the quality of the environment, mainly due to issues associated with N [4] . Similarly, the adoption of appropriate practices to manage water, such as irrigation scheduling, is essential in order to achieve high yield while enhancing the water use efficiency (WUE) of crops [5] .
In Wyoming, the 5th driest state in U.S., silage corn is typically grown under surface and pressurized irrigation systems, with the latter including overhead sprinkler and drip irrigation, 
Experimental Design and Crop Management
The experiment was laid out as a randomized complete block in split-plot arrangement with three replications. The treatments consisted of three irrigation levels as the main plots: 100% crop evapotranspiration (100ETc), 80ETc, and 60ETc, and five N rates as sub-plots: 0, 90, 180, 270, and 360 kg N ha −1 as a urea-ammonium-nitrate aqueous solution side-dressed four times on 17 June, 2 July, 15 July, and 22 July during 2014, and on 10 June, 25 June, 6 July, and 13 July during the 2015 growing seasons. The hybrid Pioneer 'P8107HR' (www.pioneer.com) was planted on 20 May and 22 May in the same experimental field in 2014 and 2015, respectively. Corn was planted on a 56-cm row spacing at a density 
The experiment was laid out as a randomized complete block in split-plot arrangement with three replications. The treatments consisted of three irrigation levels as the main plots: 100% crop evapotranspiration (100ETc), 80ETc, and 60ETc, and five N rates as sub-plots: 0, 90, 180, 270, and 360 kg N ha −1 as a urea-ammonium-nitrate aqueous solution side-dressed four times on 17 June, 2 July, 15 July, and 22 July during 2014, and on 10 June, 25 June, 6 July, and 13 July during the 2015 growing seasons. The hybrid Pioneer 'P8107HR' (www.pioneer.com) was planted on 20 May and 22 May in the same experimental field in 2014 and 2015, respectively. Corn was planted on a 56-cm row spacing at a density of 90,000 plants ha −1 (www.pioneer.com), and irrigated with an on-surface drip irrigation (ODI) system. For establishment purposes, all plots were irrigated equally after planting, and the irrigation treatments were initiated after crop establishment. The irrigation water amounts for the 100ETc treatment were based on the ETc obtained as a product of the reference evapotranspiration (ET 0 ) and the dual crop coefficient (K c ) [25] . The irrigation amounts for the other treatments were proportionally obtained from the 100ETc treatment. The daily ET 0 was calculated using the FAO Penman-Monteith equation as modified by the American Society of Civil Engineers (ASCE) [26] . The irrigation was triggered once the soil moisture fell below 50% of management allowable depletion of the available water [25] .
Data Collection
The daily weather data including maximum and minimum temperatures, rainfall and solar radiation were obtained from the automated weather station at the experimental site. Soil moisture was monitored every 20 cm up to 1 m depth before and after each irrigation event using a neutron probe (503DR Hydropobe ® , CPN International Inc., Concord, CA, USA). Before measurements, aluminum access tubes were installed in the field using a Giddings soil probe (W2-1230, Giddings Machine Company, Inc., Windsor, CO, USA), ensuring a good contact between aluminum tubes and soil. A mass conservation approach was used to run a field water balance. The water use (ETc-wb) of silage corn obtained from neutron probe measurements was calculated using a simplification of the water balance equation:
where ETc −wb refers to the evapotranspiration or water use of corn obtained from the water balance (mm), I refers to irrigation (mm), P is rainfall (mm), R is runoff (mm), D is drainage (mm), CR is the capillary rise (mm), and ∆S (mm) is the change in soil water content over a specific period of time. Our simplified equation neglected R, D, and CR, so Equation (1) can be simplified as:
The simplification was based on the fact that irrigation water amounts were applied via the drip system on a clay-loam soil on a near zero slop field, minimizing drainage and runoff losses. Capillary rise might have contributed to plant available water, but its quantification was beyond the scope of this research.
Growth data were collected manually for canopy height, leaf area index (LAI), and silage DM yield at five phenological stages (V4, V8, V12, VT, and R4; the Vn stage is when the collar of the nth leaf is visible, VT refers to tasseling or anthesis, and R4 refers to dough stage). The two inner rows of 2.5 m lengths in each experimental plot were harvested as plant samples. Selected plants were subject to a fresh weight and canopy height measurements before splitting them into leaves, stems, and ears. The leaf area was then measured using an LI-3100 C Area Meter (LI-COR Biosciences, Lincoln, NE, USA). All parts of each plant were then oven-dried at 60 • C for a period of 72 h for DM. Phenology (vegetative, tasseling, and reproductive stages) was also monitored three times a week based on the leaf collar appearance following the method of [27] . The onset of a given phenological stage was recorded when 50% of the plants were at the stage of interest.
The seasonal water use (WU, mm) was calculated from the water balance as described previously, while the WUE (kg m −3 ) and irrigation water use efficiency (IWUE, kg m −3 ) were calculated using the approach of [28] (Equations (3) and (4)):
where Y is the crop yield (kg·ha −1 ), and I is the irrigation amount (mm). 
Statistical Analysis
The growth, yield, and WUE results were analyzed using the PROC MIXED procedure of SAS statistical package [29] . The irrigation water, N rate, and growth stage were fixed terms, while the year, block, and block × irrigation were random terms. The post-hoc Least Significant Difference (LSD) test for mean separations was performed using the LSMEANS statement in SAS [29] . Data were checked for homogeneity of variances using the Bartlett test [30] , and for normality of residuals, the Shapiro-Wilk test was used [31] . The square root transformation was applied for the LAI and canopy height data, and the back-transformed means for both parameters were reported. Polynomial orthogonal contrasts were used for the N rates over different growth stages.
The PROC CORR of SAS statistical package [29] was used to determine the Pearson's coefficient of correlation (r) and to evaluate the association between the WU of corn obtained from the water balance (ETc-wb) and the Penman-Monteith equation (ETc-pm). The F-test was performed to compare the slopes and the y-intercepts for each irrigation treatment between years.
Results and Discussion

The Field Water Balance
The ETc-wb showed significant positive correlation with the ETc-pm approach ( Table 1) . The Pearson's coefficient of correlation ranged from 0.81 to 0.88 in 2014 and from 0.76 to 0.79 in 2015 (Table 1 ). In 2014, the daily ETc-pm ranged between 4.5 and 7 mm, while the daily ETc-wb ranged between 2 and 11 mm. Conversely, the daily ETc ranged between 2.5 mm and 5.5 mm, and from 1 mm to 6 mm for the ETc-pm and ETc-wb during 2015, respectively (data not shown). Compared to the ETc-pm, the field water balance overestimated the daily crop WU of corn during warm periods of the 2014 growing season, which explains the variation on ETc-wb in 2014 for the three irrigation treatments, mostly at mid and late growing seasons ( Figure 2 ). The total WU of silage corn was higher in 2014, mainly due to a longer growing season, compared to that in 2015 ( Figure 2 ). The cumulative WU of silage corn from the water balance was consistently lower than the ETc-pm. As the neutron probe is considered the most accurate indirect method for measuring soil water status [6] , our results suggest that the WU of silage corn tends to be overestimated with the Penman-Monteith approach, indicating the need for the development of local crop coefficients. 
Canopy Height and Leaf Area Index
Irrigation water, N, and growth stage had significant effects on the canopy height and LAI (Table 2) . Likewise, the linear and quadratic responses of both canopy height and LAI to N rates were significant ( Table 2) . Application of N affected canopy height and LAI of silage corn (Table 3) . Increment of N rates (up to 180 kg N ha −1 ) significantly increased canopy height, while increasing the N rate to 90 kg N ha −1 significantly increased the LAI. Appropriate amount of N activates cell division, which contributes to stem elongation [32] and increases chlorophyll content resulting in high LAI [33] . The results also showed that the canopy height and LAI were significantly affected by year (p = 0.0013 and p = 0.0035 for canopy height and LAI, respectively; Table 2 ). A significant two-way interaction between the irrigation and growth stage was observed for both the canopy height and LAI (Table 2 ). Higher canopy heights were observed at anthesis (VT) and harvest (R4) ( Figure 3A) . Within irrigation treatment, the canopy height was higher at 100ETc followed by 80ETc, and then 60ETc ( Figure 3A) , indicating that the canopy height decreased with limited water [34] . This was probably due to the effect of water stress on the division and expansion of plant cells, which eventually affected the canopy height of silage corn [35] [36] [37] . With the advancement of growth stage, the LAI increased and reached the maximum at V12 and VT growth stages, with significant difference among irrigation treatments ( Figure 3B ). The LAI dropped from 4.84, 4.30, and 3.32 m 2 m −2 at VT to 2.02, 1.87, and 1.52 m 2 m −2 at R4 for 100ETc, 80ETc, and 60ETc, respectively ( Figure 3B ). At R4, no difference for LAI was observed between 80ETc and 100ETc ( Figure 3B ). The decrease of LAI at a late growth stage was due to the loss of leaves because of senescence. Earlier study by [38] suggested that water remobilized from old to new leaves, leading to senescence of old leaves and decrease in LAI. Similarly, it has been reported that at late vegetative growth stages and anthesis, water stress significantly reduced the LAI of corn [11] . There were no significant three-way interactions between the irrigation water, N, and growth stage for the canopy height and LAI (Table 2) indicating independent effects of water and N at different growth stages.
Dry Matter Yield
The DM yield responses between two years were significant (p = 0.01; Table 2 ). Likewise, the effects of irrigation water, N, and growth stage were significant ( Table 2 ). The linear and quadratic orthogonal responses of DM to N were also significant ( Table 2 ). The highest yields were obtained at 180 and 270 kg N ha -1 ; however, these values were low compared to the interaction effect of N with the growth stage (Table 4) . This indicated the importance of depicting the interaction effects in advancing our understanding on the agronomic responses to multi-factors [39] .
The two-way interactions (N × growth stage and irrigation × growth stage) on DM yield were significant (Table 2) . Similarly, the linear and quadratic polynomial contrasts of the N × growth stage interactions were significant ( Table 2 ). The quadratic DM response for N × growth stage interaction is shown in Figure 4A . High rates of change on DM were obtained at V12, VT, and R4 compared to those at early vegetative growth stages. For each unit increase of N fertilizer, the DM yield increased by 0.018, 0.016, and 0.044 Mg ha −1 at V12, VT, and R4 stages, respectively ( Figure 4A ). At R4 stage, the highest DM yield (16.16 Mg ha −1 ) was obtained at the N rate of 270 kg N ha −1 (Table 4 ). Significant differences in growth stage were observed between the high rates of N starting at 180 kg N ha −1 compared to those for low N rates ( Table 4 ), suggesting that the N rate of 180 kg N ha −1 would be optimum for obtaining high yield of silage corn in the semi-arid conditions of Wyoming. In similar environmental conditions, at the N rate of 175 kg N ha −1 , the maximum grain yield of corn is produced [40] , while others have found that 196 kg N ha −1 should be optimum for the highest corn yield and economic return under the sprinkler irrigation system in south central Nebraska [41] . However, the N rate as high as 240 kg N ha −1 are reported to produce high DM yield and quality of fodder corn [42] , which is similar to the report that can obtain high aboveground biomass of silage corn grown can be obtained at the N rate of 225 kg N ha −1 under the sprinkler irrigation system in the arid conditions of Iran [21] . The increase in DM yield of silage corn with increased N rates is reported to be associated with increase in plant height and leaf expansion, leading to increased photosynthetically active radiation [43] and accumulation of assimilates [44] . blister [48] . More specifically, if water is limited during the vegetative phase and the grain-filling periods, high yield could still be obtained if water stress is avoided at the silking stage [49] . Our results and those from others [50, 51] demonstrated that the extent of DM yield loss depends on severity, timing, and duration of the water stress. Our results also indicated that water saved early in the season could be used at late vegetative and early reproductive stages when corn plants are at their maximum water requirements. 7.84ab § Within a row, means followed by the same letters are not significantly different based on the LSD (0.05). V4 = the fourth collar leaf appears; V8 = the eighth collar leaf appears; V12 = the twelfth collar leaf appears; VT = tasseling; and R4 = dough stage [52] . Within a growth stage, except for V4, the DM yield responses were significantly different among irrigation treatments for all growth stages ( Figure 4B ). At harvest (R4), differences were observed between 100ETc, 80ETc, and 60ETc treatments with the highest DM at 100ETc and the lowest DM at 60ETc (Figure 4B ). At anthesis (VT) and pre-anthesis growth stages, no differences for DM were observed between 80ET and 100ETc, suggesting 80ETc could be a viable strategy to produce high yield while reducing the irrigation water amounts during the vegetative growth stages ( Figure 4B ). There were no three-way interactions effect of N, irrigation water, and growth stage on DM, indicating independent effects of water and N on DM at different stages ( Table 2) .
The response of DM yield to seasonal crop WU showed significant difference among irrigation treatments at late vegetative and reproductive stages. Less than 1 Mg ha −1 of DM was obtained when water was limited at early vegetative stages ( Figure 4B ). This suggested that the effect of limited water on DM is negligible during the early growth stages but significant at late vegetative and reproductive stages. These findings are in agreement with results of other studies [45] [46] [47] . In general, at early growth stages, young plants are less affected by water stress with little to no effect on yield. It has been reported that water stress on corn should be avoided during the period from 12 leaves to blister [48] . More specifically, if water is limited during the vegetative phase and the grain-filling periods, high yield could still be obtained if water stress is avoided at the silking stage [49] . Our results and those from others [50, 51] demonstrated that the extent of DM yield loss depends on severity, timing, and duration of the water stress. Our results also indicated that water saved early in the season could be used at late vegetative and early reproductive stages when corn plants are at their maximum water requirements. 7.84ab § Within a row, means followed by the same letters are not significantly different based on the LSD (0.05). V4 = the fourth collar leaf appears; V8 = the eighth collar leaf appears; V12 = the twelfth collar leaf appears; VT = tasseling; and R4 = dough stage [52] .
Water Use Efficiency and Irrigation Water Use Efficiency
The effects of year, N, and growth stage on WUE and IWUE were significant (Table 2) . Additionally, the linear and quadratic polynomial responses of WUE and IWUE to N rates were significant (Table 2 ).
In addition, the two-way interaction between the irrigation × growth stage and N × growth stage, and the linear and quadratic polynomial responses to N × growth stage interaction on both WUE and IWUE were significant (Table 2) .
For different growth stages, the quadratic response to N rates showed increases in WUE at R4, VT, and V12 stages ( Figure 5A ). In general, high WUE values were observed at 180 and 270 kg N ha −1 ( Table 4 ). The irrigation × growth stage interaction showed high WUEs at VT and R4 ( Figure 5B ). At R4, high but similar WUE values were observed for the 100ETc and 80ETc, while a low WUE was observed under 60ETc ( Figure 5B) . The IWUE showed similar pattern as WUE for both N × growth stage ( Figure 5C ) and irrigation × growth stage ( Figure 5D ) interactions. A high IWUE value was observed starting at the V12 growth stage ( Figure 5C ). At R4, high but similar IWUE values were observed at 180 and 270 kg N ha −1 (Table 4 ). Higher IWUE values were observed at VT and R4 compared to those at earlier growth stages ( Figure 5D ). At harvest (R4), IWUE did not differ among irrigation treatments; however, at anthesis (VT), the lowest IWUE was obtained at 100ETc ( Figure 5D ).
VT, and V12 stages ( Figure 5A ). In general, high WUE values were observed at 180 and 270 kg N ha ( Table 4 ). The irrigation × growth stage interaction showed high WUEs at VT and R4 ( Figure 5B ). At R4, high but similar WUE values were observed for the 100ETc and 80ETc, while a low WUE was observed under 60ETc ( Figure 5B) . The IWUE showed similar pattern as WUE for both N × growth stage ( Figure 5C ) and irrigation × growth stage ( Figure 5D ) interactions. A high IWUE value was observed starting at the V12 growth stage ( Figure 5C ). At R4, high but similar IWUE values were observed at 180 and 270 kg N ha −1 (Table 4 ). Higher IWUE values were observed at VT and R4 compared to those at earlier growth stages ( Figure 5D ). At harvest (R4), IWUE did not differ among irrigation treatments; however, at anthesis (VT), the lowest IWUE was obtained at 100ETc ( Figure 5D ).
The seasonal crop WU, calculated using Equation (2), was 350 mm for full irrigation (100ETc) compared to 270 and 213 mm for 80ETc and 60ETc, respectively [52] . The WU by corn silage in the present study was less than amounts reported in literature [9, 53, 54] . High WUE and IWUE in the present study clearly indicate the higher efficiency of ODI compared to other irrigation methods (e.g., sprinkler and surface irrigation). Furthermore, N and irrigation strategies affected WUE and IWUE at late vegetative and mid reproductive stages. This is in agreement with previous studies. For instance, [55] reported that WUE increased with the intensity and the timing of water stress. Likewise, [9] showed that WUE increased when the crop was subject to early water stress treatments. Our results support the strategy that understanding the crop response to limited water at different growth stages may enable us to develop water-saving strategies such as deficit irrigation [56] . The seasonal crop WU, calculated using Equation (2), was 350 mm for full irrigation (100ETc) compared to 270 and 213 mm for 80ETc and 60ETc, respectively [52] . The WU by corn silage in the present study was less than amounts reported in literature [9, 53, 54] . High WUE and IWUE in the present study clearly indicate the higher efficiency of ODI compared to other irrigation methods (e.g., sprinkler and surface irrigation). Furthermore, N and irrigation strategies affected WUE and IWUE at late vegetative and mid reproductive stages. This is in agreement with previous studies.
For instance, [55] reported that WUE increased with the intensity and the timing of water stress. Likewise, [9] showed that WUE increased when the crop was subject to early water stress treatments. Our results support the strategy that understanding the crop response to limited water at different growth stages may enable us to develop water-saving strategies such as deficit irrigation [56] .
Conclusions
The study results demonstrated that N and irrigation water affected canopy height, LAI, DM yield, WUE, and IWUE of corn for silage. The combined effect of both irrigation water and N greatly affected the growth and yield of corn for silage at late vegetative to mid reproductive stages, suggesting that this period is the most critical to water stress. Overall, full irrigation (100ETc) and 180 kg·N·ha −1 provided the best combination for satisfactory growth and DM yield of corn for silage grown under ODI in the semi-arid region of Wyoming.
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